Challenges in the electromagnetic modeling of road embedded wireless power transfer / Cirimele, V.; Torchio, R.; Virgillito, A.; Alotto, P.. -In: ENERGIES. -ISSN 1996-1073. -ELETTRONICO. -12:14(2019, p. 2677.
Introduction
Recent automotive sales reports show the increasing market share of electric vehicles. This growth is mainly supported by the advances and the wider availability of charging infrastructures. However, this rapid evolution is strictly related to urban environments in which the typical travel distances are compatible with the still limited range allowed by the current battery technology [1] . The lower energy density of traction batteries compared with classic fossil fuels still represents the strongest barrier to the full development of the electric mobility also for long trips.
Many car manufacturers as well as public authorities are indicating dynamic wireless power transfer (WPT) technology as a possible solution to overcome this limitation and enhance the societal acceptance and the widespread adoption of electric vehicles [2] . Thanks to the possibility of continuously supplying vehicles while normally driving, dynamic WPT can effectively eliminate the necessities of long stops for the recharge guaranteeing the autonomy of the battery also for long distance trips [3] . At the same time, its adoption in urban areas, and in particular for public transportation, can contribute to decreasing the battery capacity installed in the vehicle and maintaining the battery state of charge within an optimal range that guarantees a longer battery life [4] .
The European Union is supporting the research on dynamic WPT by funding several research projects. The most recent one, FABRIC [5, 6] , successfully concluded in June 2018, demonstrated the feasibility of this technology through the development of three different dynamic WPT systems. Among these systems, the electrical engineering group of the Politecnico di Torino, Italy, has developed a system named PoliTO Charge While Driving (CWD). The development of this system has been strongly focused on the direct embedment in the road pavement of the coils, called transmitters, that give rise to the variable magnetic field that is used as vector for the transfer of energy to the coil installed under the vehicle floor, called the receiver. The impedance of the coil was measured in laboratory conditions (pre-embedment) far from any metallic object by using a Hioki 3532-50 LCR meter. The amplitude and the phase of the impedance measured at the coil terminals were registered in the frequency range 10 kHz-150 kHz. Amplitude and phase were interpreted considering an equivalent R-L series circuit. The resulting values at 85 kHz were a self-inductance L = 211.8 µH and a resistance R = 303 mΩ.
Following the preliminary measurements, the coil was placed in a dedicated basement of unreinforced concrete without any reinforcing bars ( Figure 1a ) and then covered with a 2 cm layer of concrete ( Figure 1b) . A standard Portland cement was used for both the basement and the second layer. The same measurements at the coil terminals were then repeated after 28 days from the concrete pouring (post-embedment). This time interval together with the absence of precipitations allowed for a complete drying of the concrete layer. According to the physical characteristic of the problem, consisting of a large conductive object directly buried in the ground, the measurements were carried out by powering the LCR meter by means of an insulation transformer. This precaution aimed at minimizing the possible capacitive coupling between the instrument, the power cables and the ground. The measurements were automatized with a PC via a serial interface. The adopted test setup is shown in Figure 2 .
The results of pre and post-embedment measurements are reported in Figure 3 . The comparison clearly shows a strong deviation of the post-embedment behavior from the pre-embedment one. The amplitude of the impedance is clearly nonlinear with the frequency, and the phase starts to drop down above 50 kHz. The interpretation of the measurements with an R-L series model provided values of resistance and self-inductance at 85 kHz equal to 14.7 Ω and 293 µH, respectively. It is worth noting that these values are the result of an interpretation of the measured amplitude and phase of the impedance on the basis of an R-L series model. This means that the values do not have a univocal correspondence to the physical values of resistance and inductance of the coil.
A second post-embedment test on the coil was then performed in order to assess the correctness of the results provided by the LCR meter. This second test was carried out by supplying the coil through a power source composed of a signal generator and a linear power amplifier (both visible in Figure 2 ). This is in order to exclude the possibility that the deviation was due to unforeseen nonlinearity phenomena in correspondence of low electromagnetic field values generated by the coil. In the test, the power amplifier was regulated to power the coil with a current up to 2 A rms. Voltage and current applied to the coil were registered with a Teledyne LeCroy Wavesurfer 3024 digital oscilloscope. The measurements were repeated by sampling the frequency range only in few points, nevertheless the results confirmed the reliability of the measurements obtained from the LCR meter, clearly indicating that the embedment introduced phenomena of electromagnetic interaction between the coil and the surrounding materials that modified the behavior of the coil moving it away from the inductive behavior expected for the correct operation of an IPT system. A final set of measurements was carried out after the application of a final layer of cold asphalt (Figure 1c ) necessary to guarantee the performances in terms of wear and grip requested for road paving. However, the measurements carried out following the application of the asphalt layer did not introduce any appreciable additional modification to the behavior of the coil.
These unexpected results have prompted the beginning of the investigation reported in the present paper. Direct measurements can characterize the coil from the circuit point of view, allowing a description as a two-terminal component. In order to understand the physical behavior, it is necessary to have an insight of the point-wise field quantities, like the current density in the region surrounding the coils. For this reason, the coil and the surrounding materials are numerically modeled and the problem is studied through electromagnetic simulations.
Electromagnetic Characterization of Concrete
The modeling of concrete for the sake of electromagnetic simulation requires the knowledge of the three main electromagnetic properties:
• electric resistivity ρ, • relative electric permittivity ε r , • relative magnetic permeability µ r .
Concrete is a complex material that can consist of different chemical mixtures of cements and is usually heterogeneous and porous so that it holds back water. The water content strongly influences the electrical properties of concrete so their values can vary in a wide range. Many studies have dealt with the measurement of the electrical parameters of concrete for different applications and different frequency ranges. Among them, the authors in [14] mainly focuses on the use of concrete for electromagnetic shielding applications and provides values of relative permittivity that range from 4.8 to 12.8, depending on the moisture content, for frequencies in the order of 1 GHz. The authors in [15] provide values of relative permittivity that go from 4 to 20 at a frequency of 100 MHz. As far as resistivity is concerned, the ranges are even wider. For example, the IEEE standard 80-2000 on AC substations grounding [16] provides a range for the resistivity that goes from 21 Ωm to 10 9 Ωm. On the other hand, the scientific literature agrees on considering concrete a non-ferromagnetic material assigning a relative magnetic permeability µ r = 1.
This very wide range of values for the electrical parameters made it impossible to find a priori a set of data directly usable for the modeling of the physical problem encountered in the real application. For this reason, we developed a dedicated measurement arrangement for the characterization of the concrete adopted for the embedment of the coil.
Methodology and Measurement Setup
The scientific literature devoted to the electromagnetic characterization of concrete points out the double conductive and dielectric nature of concrete [14, 17, 18] . A general medium having both conductive and dielectric behavior inserted between two electrodes can be represented through a simplified model given by the parallel of a capacitor C m and a resistor R m [19] . Hence, the values of capacitance and resistance can be extracted by means of the measurement of an impedance Z m on the base of the following equation:
where ω is the angular frequency of the applied voltage. Among the different techniques for the evaluation of the electrical properties of materials, some studies were devoted to the materials used in road works [20] , or precisely on IPT systems [21] , make use of a parallel-plates capacitor structure using the material under test as dielectric/conductive element between the plates. However, this approach can present several problems qualitatively represented through the sketches shown in Figure 4 . Mainly, these problems are related to the control of the relative positioning of the plates and the control of the adhesion of the material under test to guarantee the absence of air between the plates and the material itself. The first problem can be solved by inserting rigid spacers inside the material under test in order to guarantee the parallelism and the desired distance between the plates (i.e., solve the problems represented through Figure 4a,b) . However, the insertion of the spacers would mean the modification of the medium properties. In this case, the extraction of the desired parameters from the measurements implies the development of a complex model able to take into account the introduced modification. The second problem (i.e., the one represented in Figure 4c ) can be solved by pouring the material still wet. In this case, the use of a proper container for the material and a mechanical device that maintains the contact between the upper plate and the material during the drying phase is mandatory. All these limitations have been overcome in the present work by developing the system shown in Figure 5 . The parallel plates have been substituted by two cylindrical steel tubes acting as electrodes. The electrodes are inserted in a base made of resin aiming to maintain them parallel and at a fixed distance. A PVC tube is then inserted in order to create a container having the resin base as bottom cap. In this way, the wet concrete can be poured directly in the container. This guarantees the perfect alignment of the electrodes and the good adhesion of the material under test. Moreover, the use of this geometry with cylindrical surfaces at a very short distance, compared to the other dimensions of the electrodes, allows for neglecting the boundary effects and almost considering the totality of electric field lines perpendicular to the surface of the electrodes. The distance between the electrodes has been chosen large enough to guarantee that the aggregates present in the concrete could pass between them and small enough to maximize the capacitance between the electrodes improving the accuracy of the measurement. Finally, the chosen distance was 2 mm with the diameter of the electrodes equal to 50 mm. It is worth noting that the resin for the base was chosen among the materials for which the electric parameters is known with high accuracy. In this case, ε r,resin = 3.41 and ρ resin = 5.5 × 10 7 Ωm. Once the concrete has dried, it is possible to connect an LCR meter to the electrodes and evaluate the ensemble of the lumped parameters as sketched in Figure 6 . The three capacitances C air , C conc and C res represent the lumped capacitances associated with the segments of the electrodes that are in the air, in the concrete under test and in the resin base, respectively. Conversely, since the air and the resin can be considered as perfect insulating materials at the adopted measurement voltage, only the resistance R conc is present, which represents the lumped resistance of the concrete under test. However, the relations that link the geometry of the system, permittivity and resistivity to the resistance and the capacitance are not known a priori for this new geometry. In this case, these relations can be generally expressed as:
where K c and K r are form factors for the capacitance and the resistance, respectively. The form factors for the developed device have been evaluated by filling the device with different materials of known permittivity and/or resistivity, measuring the resulting C m and R m by means of the LCR meter and applying Equations (2) and (3). The resulting values have been averaged and expressed as the two form factors per unit of length (in millimeters)
These form factors can be applied to the different layers of material along the electrodes' length. The global form factors associated with the different layers are reported in Table 1 . Finally, the relative permittivity and the resistivity of the concrete under measurement can be derived, according to Equation (1) , from the measurement of the overall capacitance C tot and resistance R tot of the measurement device and applying the following relations:
Measurements
Once the device has been characterized, it has been prepared for the measurement as shown in Figure 7 . The concrete has been prepared by using the components (i.e., cement, aggregates, sand and water) in the most similar relative amount used for the embedment of the coil. In this phase, the different components have been mixed (Figure 7a The measurements have been carried out after 28 days from pouring, similarly to the embedment experiment, by using a Hioki IM 3536 LCR meter connected as shown in Figure 8 . A thin metallic film has been applied to the outer walls of the PVC tube and connected to the ground of the LCR meter. The use of this film, called guard shield, allows for ensuring that the overall electric field generated by the electrodes remains confined inside the concrete avoiding possible undesired interactions with other metallic objects in proximity of the device. The measurement has been carried out in the frequency range from 10 kHz to 200 kHz and automatically registered by a PC communicating with the LCR meter. The measured amplitude and phase of the device have been interpreted as a parallel of a capacitance and a resistance (i.e., R tot and C tot ). The values of relative permittivity and resistivity obtained by these measurement are reported in Figure 9a ,b, respectively. The results point out that concrete has a marked conductive behavior. This predominant conductive behavior causes the huge values obtained for the relative permittivity at the lowest frequencies. The large values of permittivity are typical in the measurement of the permittivity of lossy dielectrics [22] for which polarization effects are usually overshadowed by conduction [23] .
On the LCR meter side, this condition translates in a huge and non-physical value of capacitance and, thus, relative permittivity. The measurements become reliable for higher frequencies in correspondence of which the imaginary component of the device impedance (i.e., the capacitive reactance) becomes better appreciable by the instrument. If the frequency is increased, the behavior of the permittivity tends to a local asymptote indicated by the orange dashed line in the figure. A sample of the values presented in the graphs of Figure 9 is reported in Table 2 . These values show that resistivity remains stable in the whole range of frequency. According to this, the value of resistivity of 11.81 Ωm measured at 85 kHz has been chosen as representative for the modeling of the material. Conversely, the asymptotic value of 26.72 has been considered for relative permittivity. As far as the parametric analysis of Section 4.2 is concerned, values between 10 Ωm and 1000 Ωm have been chosen as representative of typical applications, since indeed such values have been encountered in our experiments, depending, e.g., on ambient humidity. Indeed, the IEEE standard suggests an even wider range with values up to 10 9 Ωm, which we however deemed too wide for typical scenarios and which would not significantly alter our conclusions.
Numerical Model and Parametric Analysis
After obtaining the electromagnetic characterization of the concrete with the previously described procedure, a numerical model based on the Partial Element Equivalent Circuit (PEEC) method, proposed in [24, 25] and then extended in [26] , was built. Moreover, with the aim of reducing the computational effort required by the simulations, the code was coupled with the low-rank compression techniques based on hierarchical-matrices and Adaptive Cross Approximations implemented in the HLIBpro library [27] , as proposed in [28, 29] .
The PEEC method, contrary to the Finite Element Method (FEM), is based on an integral representation of Maxwell's equations. The method allows for a useful and rigorous circuit interpretation of the electromagnetic phenomena. Indeed, the geometrical mesh entities (i.e., faces and volumes) are interpreted as branches and nodes of an equivalent and fully coupled electric circuit.
Electromagnetic interactions between the circuit elements are represented by means of partial self and mutual inductances and coefficient of potentials (i.e., capacitive effects), which can be evaluated by means of analytical procedures based on singularity extraction techniques, as proposed by several authors [30] [31] [32] [33] .
Thanks to its direct derivation from the full-Maxwell equations and for the use of analytical formulas for the evaluation of the self and mutual coefficients, the adopted PEEC method allows for rigorous simulations avoiding the introduction of distortions and simplifications which instead a simplistic analysis based on concentrated circuit parameters would produce. Moreover, contrary to FEM, the imposition of artificial boundary conditions (which may introduce some distortions on open boundary problems) is not required.
For all these reasons, the adopted PEEC method is rigorous and perfectly suited for the open boundary problem which is addressed in this paper.
Model Validation
First, for validation purposes, a PEEC model of the pre-embedment coil was developed. The nine turns of the coil previously described in Section 2 have been modeled as nine open turns. Then, thanks to the circuit interpretation provided by the PEEC method, eight short circuits have been inserted in order to virtually connect the nine turns of the coil model. Moreover, a lumped voltage source connected to the most internal and external turns has been applied in order to feed the coil. In Figure 10 , a detail of the connection between the nine coil turns and the lumped elements is shown. Thanks to the use of the litz wire, a uniform current distribution can be assumed in the cross section of the coil turns. Thus, at the frequency range of interest, the nine turns have been modeled with only one mesh element in the cross section and a conductivity of σ = 57 MS/m. The coil model has been simulated in the range from 10 kHz to 150 kHz. The results in terms of equivalent impedance were almost R = 70 mΩ and L = 207 µH for each frequency value, which is in good agreement with the measurements. Subsequently, a model of the road embedded coil (i.e., coil turns and concrete) was constructed. The PEEC model of the embedded coil has been validated against the results of Figure 3 (post-embedment). According to Table 2 , a resistivity of ρ = 11.8 Ωm and a permittivity of ε r = 26.7 has been assigned to the concrete PEEC model. A frequency sweep simulation has been carried out from 10 kHz to 150 kHz. The results in terms of the equivalent impedance (amplitude and phase) are shown in Figure 11 where they are compared with the measured values. As can be seen, the numerical results show a good agreement, proving the suitability of the constructed PEEC model to represent the physical device.
Then, with the purpose of reducing the computational effort of the parametric simulations and with the aim of understanding the physical phenomena in more detail, the amount of cement which is actually significant for the electromagnetic model has been investigated. In particular, the frequency sweep simulation has been repeated with progressively smaller cement models domain until a difference of 3% in the amplitude of the equivalent impedance was reached. This study showed that only the concrete close to the turns (particularly the one between the turns) actually influences the behavior of the coil. Thus, the PEEC model of the concrete can be substantially reduced and only the material in close proximity to the copper turns must be actually discretized. This also suggests that, when different types of concrete need to be tested in the context of laboratory experiments, a reduced amount of material can be used. The results, shown in Figure 11 , have been obtained with a concrete thickness of almost three times the diameter of the copper coils. As a further result of the simulations, it has been noticed that the electric current density J e (where J e = J + iωP, where J is the conduction current density and P is the polarization vector), in the concrete has two main components: one which flows parallel to the current inside the winding (inductive component) and a second one which flows from the external turn to the internal one (capacitive component), accumulating charge on the interfaces between the concrete and the turns. Figure 12a ,b show the qualitative behavior of J e (in logarithmic scale) at 10 kHz and 100 kHz, respectively. As can be seen, when the frequency is low, the inductive component is predominant, while, with the increase of the frequency, the capacitive component becomes more relevant, significantly affecting the overall coil behavior. Indeed, the current can jump from one turn to the others through the parasitic resistive-capacitive impedance emphasized by the presence of the concrete between the turns, thus not generating the expected magnetic flux responsible for the transfer of energy via magnetic coupling with the receiver on the vehicle side. How this effect impacts on efficiency, operation, and control of the system, while certainly fundamental for a successful commercial application is beyond the scope of this work. Instead, the considerations emerging in the next section provide useful information concerning the design of WPT systems which must be taken into account before considering their operational issues.
Parametric Analysis
After the validation step, the PEEC model of the embedded coil (here defined as Mod1) has been adopted to investigate the influence of the resistivity and the permittivity values of the concrete on the overall coil behavior (i.e., the equivalent impedance). Moreover, in order to investigate the influence of geometrical parameters of the coil, two other models of embedded coil have been generated: Mod2 was created by increasing the spacing between the coil turns (i.e., 8 mm, which is double the diameter of the wire), and Mod3 was created by increasing the thickness of the insulating material (i.e., two times the one adopted for Mod1 and Mod2) which separates the copper turns from the concrete. The spacing between the turns of Mod3 was also slightly increased of a quantity equal to the rise of the insulating layer thickness. It is worth noting that the size of the spacing between the coil turns is given with respect to the center of the turns. For this analysis, three frequency values have been selected, i.e., 20 kHz, 50 kHz, and 85 kHz. These frequency values are particularity significant since they cover the typical range of frequency of the majority of WPT systems either static and dynamic [3] .
For Mod1, Mod2, and Mod3, the resistivity of the concrete has been swept from 10 Ωm to 1000 Ωm and three values of the relative permittivity have been selected, i.e., 5, 40, and 80. The results, in terms of the equivalent impedance (amplitude and phase) obtained from the simulations of Mod1, are shown in Figures 13-15 . The results related to Mod2 are shown instead in Figures 16-18 The results obtained from the parametric analysis (Figures 13-21) show that the relative permittivity weakly influences the value of the equivalent impedance of the embedded coil. Indeed, the constitutive relation between the electric field E and the electric current density J e = J + iωP, for media that exhibits both a conductive and a dielectric behavior, is given by [26] 
where ρ and ε r are the resistivity and relative permittivity of the concrete, respectively, and ε 0 is the permittivity of vacuum. Equation (8) shows that, for the range of resistivity considered in the study, the value of ε r weakly influences the constitutive relation between E and J e , which is instead ruled by the relatively low value of the resistivity of the concrete. Indeed, the influence of ε r becomes more evident only for the highest resistivity values. Although such phenomenon can be generally expected, its manifestation and its dependence on the frequency and geometric parameters is not easy to quantify a priori. Instead, Figures 13-21 show that the resistivity value of the concrete strongly influences the overall coil behavior, especially for the highest frequency values.
By comparing the results obtained from Mod1 (Figures 13-15 ) and Mod2 (Figures 16-18 ), it can be noticed that the increasing of the spacing between the coil turns does not significantly affect the coil behavior with respect to the variation of the concrete resistivity. The results obtained from Mod3 (Figures 19-21) show instead that the overall coil behavior is significantly affected by the thickness of the insulator which separates the copper turns from the concrete.
Finally, in order to allow a comprehensive understanding of the effects related to the spacing between the turns, thickness of the insulator, and the concrete resistivity, frequency sweep simulations from 10 kHz to 100 kHz have been carried out for Mod1, Mod2, and Mod3 by selecting three different values of the concrete resistivity, i.e., 10 Ωm, 100 Ωm, and 1000 Ωm. The results for the three models are shown in Figures 22-24 in terms of equivalent impedance (amplitude and phase) and compared with the values obtained in a pre-embedment condition. 
Interpretation of the Results
An intuitive interpretation of the phenomena explained by means of the carried out analysis can be exemplified by means of the electric circuit model shown in Figure 25a . In this model, the nine turns of the embedded coil are represented by nine ideal inductors indicated as L t sequentially connected and fed by an ideal voltage source. Clearly, this model neglects several other phenomena like the resistance of the conductors and the magnetic and capacitive coupling between them. The resistive-capacitive circuit branches represent the path crossed by the electric currents that jumps from one turn to another in the embedded condition. R c,k models the resistive voltage drop due to the passage of the current through the concrete (k = 1, · · · , 9 indicates the length of the path through the concrete between turns). C tc represents the capacitive coupling between one turn and the concrete through the insulating material. Indeed, due to the conductive behavior of the concrete, free electric charges can lay on the interfaces between the turns and the concrete, which can be interpreted as two opposite surfaces of a capacitor filled by the insulating material according to the representation sketched in Figure 25b . With the increase of the resistivity of concrete and with the increase of the spacing between the turns, the value of R c,k increases. Moreover, with the increasing of the spacing between the turns, the capacitive coupling between two turns decreases while the coupling turn-concrete (i.e., C tc ) remains essentially unchanged. For these reasons, the increasing of the spacing between the coil turns may help on reducing unwanted distortion on the electromagnetic behavior of the designed device, but it is not a fully resolutive solution (Figure 22 vs. Figure 23) . Instead, the reduction of unwanted capacitive coupling can be obtained by increasing the thickness of the insulator which divides the turns from the concrete (Figure 24) . By doing so, the capacitive coupling between turns and concrete can be damped, thus the value of C tc decreases, increasing the related impedance.
It is worth noting that the above considerations concerning the circuit interpretation of the embedded WPT coil have the only purpose of providing an easy and intuitive interpretation of the overall phenomenon. However, as clearly stated in the paper, a comprehensive representation of the phenomenon can only be attained by means of an appropriate full electromagnetic problem simulation.
Conclusions
In this work, the influence of the electromagnetic parameters of the concrete on the direct road embedment of a transmitting coil for a WPT system for electric vehicles has been investigated. Such the study has been motivated by the issues which emerged during the experimental experience of the direct road embedment of a coil. The main results of this work consist of:
• the electromagnetic characterization of the concrete involved in the road embedment (at 28 days after pouring), • the study of the influence of the turns spacing, the insulator thickness, and the concrete resistivity and relative permittivity on the overall electromagnetic behavior of the embedded coil.
The results obtained from the parametric analysis support some general conclusions concerning the direct embedment of transmitting coils.
A first consideration is that only the concrete close to the coil turns significantly affects the electromagnetic behavior of the device. Thus, the electromagnetic model of the embedded coil can be reduced, significantly saving on the computational effort required by the numerical simulations. Moreover, when the performances of a direct embedded transmitting coil want to be tested, a reduced amount of concrete can be used. In this work, the concrete model which surrounds the nine turns has been modeled with a thickness equal to almost three times the diameter of the copper coils.
A second consideration is that the overall coil behavior is weakly affected by the relative permittivity of the materials surrounding the coil turns, whose effects on the value of the equivalent impedance are visible only for the highest values of concrete resistivity.
Instead, the resistivity of the concrete considerably affects the overall electromagnetic behavior of the device. Thus, the adoption of a highly resistive concrete would be a possible choice to avoid unwanted capacitive phenomena due to the embedment. However, in the context of a real installation, the electric resistivity of the concrete should be monitored during the whole road embedment of the device. Moreover, the electromagnetic resistivity of the concrete could be significantly affected by its chemical components and by external environmental parameters (e.g., temperature and water) which may make this solution complex in practice.
From a practical point of view, the increasing of the spacing between the coil turns may help in reducing the distortion on the overall electromagnetic behavior of the device. However, the increasing of the spacing between the turns may clash against design constrains (e.g., maximum size allowed for the transmitting coil) leading to a reduced area of the coil, then a reduced coupling between the transmitting and the receiving coils (i.e., the mutual inductance decreases) and therefore a lower efficiency of the device.
The most promising solution seems to be the increase of the thickness of the insulating material which separates the copper turns from the concrete. Indeed, this measure directly affects the major source of the problem, i.e., the capacitive coupling between the coil turns and the conductive concrete. An implemented technical solution steamed from this consideration has been described in [34] .
As a last option, a lower working frequency of the WPT system could be selected. Indeed, the results of Figures 15-19 show that, at 20 kHz, the equivalent impedance of the device is basically not affected by the electromagnetic parameters of the concrete and, at 50 kHz, the issues are less pronounced. This result adds important information to be taken into account during the design of the system and the choice of the working frequency that, up to now, has been mainly dictated by the technology of the power electronic switching components and the materials for the construction of the magnetic structures of the coils. The model and the measurements resulting by this work will provide the basis for future investigations in which the stochastic variation of the material properties will be considered [35] .
As a final remark, it is important to underline that the pointed out phenomena of interaction between the coil and the surrounding materials are qualitatively valid for every coil directly embedded in the road pavement independently on the adopted coil topology. Clearly, the extent of the analysed phenomena can change depending on the coil geometry, but the provided results can be still considered as a reference during the design.
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